Studying zinc oxide, as well as most of transition metal chalcogenides, within the homogeneous electron gas approximation, results in the 3d shell of Zn being overhybridized with the p shell. The former can be partially improved with the use of LDA+U (or, GGA+U ) methodology. Meanwhile, contrary to the zinc 3d orbital, the oxygen 2p orbital is typically considered with no Hubbard type correction included. In this work, we provide results of electronic structure calculations of an oxygen vacancy in ZnO supercell from ab initio perspective, with Hubbard type corrections, U Zn−3d and U O−2p , applied to both atoms. The results of our numerical simulations clearly reveal that the account of U O−2p has a significant impact on the properties of bulk ZnO, in particular the relaxed lattice constants, effective mass of charge carriers as well as the 1 arXiv:1909.09185v1 [cond-mat.mtrl-sci] 19 Sep 2019 bandgap. For a set of validated values of U Zn−3d and U O−2p we observe a localized state associated with the oxygen vacancy positioned right in the bandgap of the ZnO supercell. Our numerical findings suggest that the defect state is characterized by the highest overlap with the conduction band states as obtained in the calculations with no
Introduction
Thanks to its unique electronic, magnetic and optical properties and in the response to the actual industrial challenges, zinc oxide (ZnO) has remained in the focus of intensive theoretical and experimental studies for several decades. [1] [2] [3] A delicate interplay between electrical and mechanical properties endows this crystalline structure, that lacks inversion symmetry, with highly pronounced piezoelectric properties. 4 The wurzite phase of ZnO, is a typical ionic semiconductor with the bandgap ranging from 3.437 eV at 4 K to 3.37 eV at 300 K. This compound is known to host excitons with the binding energy of 60 meV even at room temperature, 5, 6 prompting its utility as a source for UV lasing 7 with the variety of applications in luminophores, sensors, and scintillators. 8, 9 Moreover, long spin coherence times 10 and minor resistivity of nonstoichiometric undoped thin films of ZnO 11, 12 favors the use of this material for faster data processing. Besides excitonic luminescence (3.35 eV, τ =0.7 ns) in the vicinity of the absorption edge, samples of ZnO are known to reveal the so-called green luminescence, that is characterized by broadband emission spectrum with the characteristic decay time of the order of µs. Noteworthy, the green luminescence is usually associated with point defects, mostly in the form of oxygen vacancies. 13, 14 Practically, annealing in oxygen-rich atmosphere or implanting In and Ga oxides quenches the green luminescence, 15 whereas being robust when introducing metallic In and Ga instead. 16 From a theoretical viewpoint, the band structure of zinc oxide was approached firstly with the use of the Green's function KKR method, 17 followed by pseudopotential calculations where zinc 3d electrons were placed in the core. 18, 19 First principles calculations are proved to be computationally demanding, owing to the fact that both zinc and oxygen appear to be not well suited for the construction of pseudopotential. 20 In case of zinc oxide, the routinely used local density (LDA) and generalized gradient approximations (GGA) give rise to overhybridized zinc 3d and oxygen 2p orbitals. Moreover, defect states, e.g., the ones formed by oxygen vacancies, cannot be reproduced satisfactorily in the form of localized states in a supercell. To subdue these limitations, more involved techniques 21 have been developed, such as the use of Hubbard correction 22 (within DFT+U methodology 23 ) and hybrid functionals, [24] [25] [26] [27] as well as Green's functions based approach. 28 In this work, we provide the results of electronic structure calculations for a ZnO supercell with and without oxygen vacancy. We show that applying Hubbard correction to both Zn 3d and O 2p orbitals within DFT+U allows us to correctly reproduce the band structure in a quantitative way, allowing to study the localized electronic density of an oxygen vacancy in detail.
Technical Details

System and Calculation Technique
The unit cell of ionic ZnO in a wurtzite phase is a hexagonal close-packed lattice with each anion being surrounded by four cations positioned at tetragonal sites and vice versa, with experimentally determined lattice constants a = 3.250Å and c = 5.207Å . 29 The occupied polyhedra are not ideal, which is accounted by the internal ordering parameter u = 0.3817, that defines the length of the anion-cation bond parallel to the c axis in the equilibrium geometry. 29 In this work, to carry out first principles calculations we employ Quantum ESSPRESSO package 30,31 based on plane-wave density functional theory (DFT). We proceed to a further analysis of the resulting Kohn-Sham wave functions by evaluating projected density of states (PDOS). For postprocessing investigations, we use XCrySDen visualizator with the cutoff energy for the basis set at 90 Ry. Noteworthy, the pseudopotentials of core shells with explicit 4s 2 3d 10 (zinc) and 2s 2 2p 4 (oxygen) electronic structure are employed.
The exchange correlation potential is approximated by GGA as implemented by Perdew,
Burke and Ernzerhof (PBE). 32 The single particle potential is corrected with the on-site
Hubbard terms (in the spirit of DFT+U 
Numerical Results
In full agreement with previous studies, 46 for our calculations we adopt the 6 × 6 × 6 grid for sampling the Brillouin zone. The density of states (DOS) evaluated for a 3×3×3 supercell of ZnO in the presence of an oxygen vacancy within the pseudohybrid Hubbard DFT is shown in Fig. 1a . Besides the structure of (un)occupied states, which it inherits from the defect-free ZnO, the DOS in Fig. 1a accommodates a localized level at 7.5 eV, which is present only after introducing an oxygen vacancy in the supercell (this value turns out to be very close to the position reported earlier in Ref. 38 ). Though, in Ref. 38 Hubbard type correction was included to the Zn s orbital, leading thus to bandgap opening, no direct physical interpretation was provided. 47 Whereas the results of our numerical simulations on spatial structure of electronic density isosurfaces, as implemented with XCrySDen visualization tools, 48 shown in Figs. 1c,d, clearly demonstrate that the defect level is localized on the vacant oxygen site of the supercell ( Fig. 1c) . Thus, the change of the total charge density induced by the vacancy, something we refer to as pseudocharge density, is distributed over the oxygen vacancy center with minor localization on nearest atoms of Zn and O (Fig. 1d ). To depict it we sample |ψ D (r)| 2 = const, with ψ D (r) standing for the defect state, at 35%, Fig. 1c , and 3%, Fig. 1d , of maximum value and stretch the continuous smooth surface into the grid. Fig. 1a ) and is summed for all orbitals of each atom. This allows for atomic resolved information that is depicted in Fig. 1e . Remarkably, Fig. 1e , shows no qualitative difference with the case of defect-free ZnO, except for the atoms forming the two closest coordination spheres of the oxygen vacancy center (four blue peaks from Zn atoms and twelve red peaks from their O satellites, Fig. 1e ). This result is consistent with spatial configuration of electronic density of the defect state localized on atoms, which are close to the vacancy center ( Figs. 1c,d) . Moreover, it is interesting to note that the defect level overlap with atomic wave functions is about 90%.
To analyze the effect of Hubbard corrections on the electronic structure of ZnO we keep track of the single particle potential for both PBE and PBE-Hubbard calculations. The total energy of the supercell with the use of PBE methodology is E tot = −7705 Ry, while the account of the Hubbard correction changes this quantity by 3.6 Ry. Thus, the account of the Hubbard type term does not necessitate a systematic redesign of the GGA approach.
However, as we will see below, it has a drastic impact on the calculated electronic structure.
State Decomposition
It was reported in Ref. 49 
Summary and Conclusions
In this work, we have provided a comprehensive and self-consistent calculation of an oxygen vacancy in a ZnO supercell, within the framework of a pseudohybrid Hubbard DFT approach.
The optimal values of the U parameters in the simplified DFT+U method 57 Fig. 5 ). Based on an analysis of wave function decomposition, we observe that the defect state is due to on-site interaction, that removes the excessive attraction to the bulk electronic density of a valence band and results in dissolving the defect state of the vacancy in the valence band. This is due to the fact that the electronic structure of the defect is mainly composed of the Zn 4s shell and is not related to the valence band states.
As a final set of analysis, we discuss the results of available magneto-resonance measurements 58 for determining the position of a localized level, associated with an oxygen vacancy.
In particular, analyzing photosensitivity of neutral (V 0 O ) and singly positively charged
oxygen vacancies by virtue of the photo-electron paramagnetic resonance method, suggests for the V 0 O , an F-center, to be positioned 1.2 eV above the valence band with photoionization energy of 2.3 eV. 59 While the results of optically-detected magnetic resonance studies place this donor level to 0.9 eV above the valence band edge. 60, 61 The results of experimental studies on effective mass determination and defect level position are quite sensitive to tiny 
